The cytosolic RNA-binding protein NAB1 represses translation of LHCII (light-harvesting complex of photosystem II) encoding mRNAs by sequestration into translationally silent mRNP complexes in the green alga Chlamydomonas reinhardtii. NAB1 contains 2 cysteine residues, Cys-181 and Cys-226, within its C-terminal RRM motif. Modification of these cysteines either by oxidation or by alkylation in vitro was accompanied by a decrease in RNAbinding affinity for the target mRNA sequence. To confirm the relevance of reversible NAB1 cysteine oxidation for the regulation of its activity in vivo, we replaced both cysteines with serines. All examined cysteine single and double mutants exhibited a reduced antenna at PSII caused by a perturbed NAB1 deactivation mechanism, with double mutations and Cys-226 single mutations causing a stronger and more distinctive phenotype compared with the Cys-181 mutation. Our data indicated that the responsible redox control mechanism is mediated by modification of single cysteines. Polysome analyses and RNA co-immunoprecipitation experiments demonstrated the interconnection of the NAB1 thiol state and its activity as a translation repressor in vivo. NAB1 is fully active in its dithiol state and is reversibly deactivated by modification of its cysteines. In summary, this work is an example that cytosolic translation of nucleus encoded photosynthetic genes is regulated via a reversible cysteine-based redox switch in a RNA-binding translation repressor protein.
T o compensate for changes in light intensity or spectral quality, plants have developed several short-term and longterm mechanisms to regulate the amount of light that is captured by each photosystem (1) . One important long-term adaptation strategy of plant organisms involves the complex expression regulation of various nuclear-encoded light harvesting complex (Lhcb) genes (1) . All levels of LHCII gene expression are targeted by regulation mechanisms (2-5) which rely on a complex retrograde and anterograde communication between plastid, nucleus, and cytosol (6) . The cytosolic translation repressor NAB1, which was identified in a Chlamydomonas reinhardtii light acclimation mutant (4) , is the center of interest within this work. NAB1 harbors 2 RNA-binding motifs and 1 of these motifs, located at the N terminus, belongs to the highly conserved family of CSD (cold shock domain) domains. Proteins containing a CSD motif are referred to as Y-box proteins and eukaryotic members of this large family generally contain a second auxiliary RNA-binding domain, which modulates the RNA affinity of the protein but can be dispensable for selective RNA recognition (7) . In the case of NAB1, the CSD motif is combined with a C-terminal RRM (RNA recognition motif) domain, which was demonstrated not to be essential for selective RNA recognition (4) . It was shown that NAB1 binds to the mRNA of LHCBM (major light-harvesting complex of photosystem II) genes, thereby preventing translation via sequestration of the message in translationally silent messenger ribonucleoprotein complexes (mRNPs). The LHCII complex of C. reinhardtii is constituted by 10 individual highly homologous LHCBM isoforms (8, 9) , and NAB1 displays selectivity toward distinct isoforms with LHCBM6 mRNA being 1 of its main targets (4) . It has been shown for numerous proteins that reversible modification of cysteine residues can act as an effective activity switch (10) . In this work, we intended to investigate whether the composition of the light-harvesting antenna of PSII is controlled via the redox state of 2 cysteines, which are located in the C-terminal RRM domain of NAB1.
Results
Free Cysteines Are Required for Full RNA-Binding Activity of NAB1 in Vitro. NAB1 harbors 2 cysteine residues, located at amino acid positions 181 and 226 within the C-terminal RRM domain. A structural model of the RRM domain of NAB1 was generated using the NMR structure of the highly homologous RRM motif of human RNA binding protein hnRNP M (Fig. 1A) . Within this structure Cys-181 is part of a loop structure whereas Cys-226 is part of the ␣-helix ␣ 2 and both residues are separated by 14.97 Å. Exposition of these cysteines on the protein surface is a prerequisite for a potential reversible interaction with thiol modifying compounds in vivo. Modeling of the C terminus ( Fig.  S1 ) indicated that Cys-181 is buried in a groove-like structure together with 2 leucine residues and surrounded by uncharged amino acids creating an environment of low electrostatic potential. In contrast, Cys-226 could be more reactive because it is positioned in an exposed surface area at the interface of a negatively and positively charged patch. To analyze whether modification of cysteines within the RRM motif has an impact on the binding affinity toward its cellular mRNA target LHCBM6, RNA-binding studies with oxidized and reduced recombinant NAB1 were performed (Fig. 1B) . For these experiments, a probe containing the CSDCS (cold shock domain consensus motif) motif of LHCBM6 was chosen, which was previously shown to bind NAB1 specifically (4) . Because of the reducing conditions used for NAB1 purification, recombinant NAB1 proteins were maintained in a reduced state. Under this condition they efficiently bound a radioactive CSDCS probe derived from LHCBM6 (Fig. 1B, untreated) . The presence of unlabeled competitor RNA (Fig. 1B, psbD ϩ) had a negligible effect on binding efficiency, indicating sequence specificity of the protein-RNA interaction (4). In contrast, when shifted to an oxidized form by treatment with glutathione disulfide (GSSG), the binding signal of the NAB1-RNA complex was most strongly reduced after addition of competitor RNA (Fig. 1B, GSSG, psbD  ϩ) , showing that oxidation mainly affects the specific binding activity of NAB1. To investigate whether oxidation of both cysteines via the formation of an intramolecular disulfide is crucial for the observed decrease in RNA affinity, thiolalkylating compounds were used to modify NAB1 cysteines individually. The thiol-specific alkylator N-ethylmaleimide (NEM) and 4-vinylpyridine turned out to be potent inhibitors of the specific binding activity of NAB1, which was indicated by a complete absence of LHCBM6-NAB1 complexes after competitor addition (Fig. 1B) . This result indicated that modification of RRM cysteines impairs the specific binding of NAB1 to LHCBM6 mRNA. An additional result was that intramolecular disulfide bridge formation is not a prerequisite for NAB1 deactivation in vitro. In line with these findings was that the treatment of recombinant NAB1 with GSSG resulted in the glutathionylation of single cysteines (Fig. 1C) . To address the potential of intramolecular disulfide formation within NAB1 more precisely, a peptide mapping analysis with recombinant wild-type Wt-NAB1 and a recombinant Cys226Ser mutant was performed. Wt-and Cys-226-NAB1 protein was oxidized with diamide and subsequently digested by V8 protease treatment. Any intramolecular disulfide bridge formation in the Wt protein should result in an altered peptide fragment pattern compared with the corresponding Cys226Ser sample, for which intramolecular disulfide formation is not possible. However, nearly identical digestion patterns of Wt and Cys226Ser samples were obtained (Fig. S2) . As an additional control, 1 part of each oxidized sample was rereduced with DTT before SDS/PAGE. After rereduction, the banding pattern remained unchanged, indicating again that no disulfide linked peptides were present in the oxidized digest samples. In summary, these results demonstrated that modification of individual cysteines impairs the activity of NAB1 in vitro and led us to investigate the in vivo relevance of thiol regulation as a mechanism to control the activity state of NAB1.
Replacement of RRM Domain Cysteines with Serine Creates a Small
Antenna Phenotype. To determine whether the 2 cysteine residues have an essential regulative function in vivo, a mutagenesis strategy was applied. For this experiment, we selected a derivative strain of Stm3 that expresses an HA-epitope-tagged form of the LHCBM6 protein. The HA-tagged LHCBM6 isoform is expressed under the control of the PSAD promoter (4, 11), thus decoupling its transcription from LHC promoter activity. This NAB1-free strain was transformed with a mutated version of the NAB1 gene. This experimental setup allowed the direct correlation between NAB1 activity and post-transcriptional regulation of LHC isoform LHCBM6. Mutated constructs for each single cysteine (NSM) and for both cysteines (NDM) were obtained by site-directed mutagenesis which resulted in the exchange of cysteine with serine residues. After cotransformation of these constructs, 15 strains were successfully identified which stably expressed a mutated version of NAB1, carrying either the double mutation Cys-181/226Ser or the single mutations Cys181Ser and Cys226Ser. For precise chlorophyll analyses to investigate the relevance of both cysteines for LHC antenna size regulation ( Fig. 2A) , a control strain (C) was obtained by transformation of Stm3 with a Wt version of NAB1, which is expressed under control of the same promoter that drives expression of mutated NAB1 in the cysteine mutants. Based on this control strain, the Cys double mutants and the single Cys226Ser mutants showed a similar phenotype with an increase of Chl a/b ratios [from 2.2 in the control strain (C) to Ϸ2.6/2.8 in the mutants] accompanied by a 15-25% decrease of total chlorophyll content (Fig. 2 A) . Because Chl b is exclusively bound by light-harvesting proteins whereas Chl a is also present in the PS core complexes, the Chl. a/b ratio provides a parameter for the overall LHC antenna size compared with the entire PSI and PSII complexes. Consequently, the increased Chl a/b ratios are indicative for smaller light-harvesting antenna systems due to a regulatory dysfunction of NAB1. Of particular note was however, that the Cys-181 mutants exhibited a less distinctive phenotype with no differences in total chlorophyll content indicating functional differences between Cys-181 and Cys-226. To allow for more detailed analyses regarding the phenotypical characteristics caused by the mutations, we selected 1 representative strain for each single (NSM1: Cys181Ser; NSM2: Cys226Ser) and the double mutation (NDM1: Cys-181/226Ser). Immunoblot studies using a NAB1-specific antiserum demonstrated that the expression of NAB1 variants in these mutant strains was lower compared with the expression of Wt NAB1 in the control strain (Fig. 2B ), excluding the risk that the significant decrease of antenna size was caused by increased levels of NAB1 protein.
Protein Expression of the Target mRNA LHCBM6 Is Down-Regulated by
Cysteine Mutation. Because all mutant strains expressed an HAtagged version of the isoform LHCBM6, a comparative analysis of HA-LHCBM6 expression in the cysteine mutants, the parental strain, and in the control strain was a suitable method to analyze the effects of NAB1 cysteine mutation on its activity as a translation repressor in vivo. Transformation of the parental strain with mutagenized versions of NAB1, which lack 1 or both cysteines, yielded reduced HA-LHCBM6 amounts ( Chlorophyll measurements and LHCBM6 protein expression studies indicated that the presence of cysteine residues within its RRM domain is crucial for a deactivation of NAB1. Photoautotrophic growth experiments in minimal medium (HSM) under dim light (40 mol m Ϫ2 s Ϫ1 ) were performed which force Wt Chlamydomonas cells to increase their light-harvesting antenna size to enhance the capture of photons for photosynthesis. All selected cysteine mutants showed a reduced growth rate under limiting light conditions when compared with the control strain ( 2 A), the Chl a/b ratio was highly increased in NDM1 and NSM2 only (2.24 Ϯ 0.03 SD in control strain vs. 2.87 Ϯ 0.03 SD in NDM1 and 3.09 Ϯ 0.03 SD in NSM2), whereas the Cys-181 mutant NSM1 showed an increase to a much lesser extent (Chl a/b 2.32 Ϯ 0.03 SD). In addition, total chlorophyll values in relation to the control strain (C) were only reduced in the double mutant NDM1 and strain NSM2 (76 Ϯ 1% SD of control strain in case of NDM1 and 68 Ϯ 2% SD for NSM2). Anti LHCII immunoblot studies ( Fig. 3 B and C) confirmed that the amount of LHCII proteins was reduced in the cysteine mutants (72.8 Ϯ 7.1% SE in the case of NDM1, 85.5 Ϯ 12.3% SE for NSM1 and 67.7 Ϯ 6.8% SE for NSM2 with the control strain being set to 100%) and demonstrated that the Cys-226 mutation again has a more severe effect on the LHC antenna size compared with the Cys-181 mutation (Fig. 3C ). In conclusion, the observed phenotypes strongly indicate a direct correlation between the thiol state of the cysteines of NAB1 and the activity as a LHC translation repressor.
Cys:Ser Replacement in NAB1 Prevents the Deactivation of LHCBM
Translation Repression. Polysome analyses were performed to investigate whether the observed reduced LHCII protein expression was caused by altered LHCBM6 mRNA translation efficiency (Fig. 4) . Sucrose gradient fractionation of cytosolic extracts was performed to separate nontranslated subpolysomal mRNPs, monosomal and polysomal complexes (4). According to our previous findings regarding the prominent role of Cys-226 for NAB1 regulation we selected the Cys226Ser mutation strain NSM2 for this experiment. The results presented in Fig. 4 demonstrated that the distribution of LHCBM6 mRNA within the sucrose gradient of NSM2 was considerably different compared with the control strain. NSM2 displayed a high LHCBM6 content exclusively in subpolysomal nontranslated RNA fractions (Fig. 4, fractions 1-4) and only low amounts in monosomal/ polysomal fractions (Fig. 4 , fractions 5 and greater) whereas the control strain showed high amounts of LHCBM6 mRNA also in efficiently translated polysomal fractions. This result strongly indicated that the Cys-226 mutation causes an increased LHCBM6 mRNA sequestration, which is in good accordance to the observed reduced HA-LHCBM6 and LHCII expression levels in vivo (Figs. 2C and 3 B and C) . 
Cys:Ser Mutation Results in a Higher Stability of NAB1-LHCBM6
Complexes Under Oxidative Stress Conditions in Vivo. Characterization of the cysteine mutants strongly indicated that mutation of RRM cysteines perturbs the in vivo deactivation mechanism of NAB1. Consequently, we investigated whether oxidation of NAB1 changes its binding efficiency toward the target mRNA LHCBM6 in vivo by RNA coimmunoprecipitation (4). Control strain, NSM1 (Cys181Ser), and NSM2 (Cys226Ser) cultures were grown and cysteine oxidation of NAB1 was induced by the addition of diamide. To follow the in vivo thiol state of both NAB1 cysteines we applied the thiol alkylating compound mPEG-MAL. mPEG-MAL exclusively reacts with the SH-group of free cysteines and enables to determine the number of free cysteines present in a protein at a certain time. Because protein modification by mPEG-MAL results in a large shift in the electrophoretic mobility, the number of free cysteines is directly correlated to the apparent molecular weight and can be traced via immunodetection (12) . Diamide addition resulted in a strong shift from the reduced to the oxidized NAB1 thiol state (Fig.  5A) . After 120 min of incubation the bulk of NAB1 was shifted to a fully oxidized state, containing no reduced cysteines. This time point was chosen to analyze the RNA-binding activity of fully oxidized NAB1 compared with the reduced NAB1 thiol states found in the cell under normal, stress-free conditions. Cysteine oxidation resulted in a strong reduction of RNAbinding affinity in the control strain to 19 Ϯ 2% and in the Cys-181 mutant NSM1 (28 Ϯ 5%) compared with the reduced state (Fig. 5B) . In the case of the Cys-226 mutant NSM2 however, more than half of the binding activity remained (57 Ϯ 1%) demonstrating a higher resistance of NAB1 Cys226Ser toward oxidative deactivation (Fig. 5B) . Importantly, the amount of NAB1 was not significantly affected by the diamide treatment in all examined mutants and the control strain (Fig. S3) . The results demonstrated that the oxidation of NAB1 cysteines in vivo is accompanied by a decreased binding toward the LHCBM6 target mRNA. The exchange of Cys-226 with serine strongly attenuates oxidative NAB1 deactivation, confirming that Cys-226 has a key function in the redox dependent activation of NAB1.
Discussion
The aim of the present study was to evaluate the possible relevance of 2 cysteine residues located in the RRM domain of NAB1 as central elements of an in vivo redox control mechanism, which determines its translation repressor activity. Preliminary studies carried out in vitro gave initial indications for the importance of the cysteines in controlling NAB1 activity, which were subsequently confirmed by intense in vivo studies. In vitro studies indicated that full RNA-binding activity of NAB1 requires cysteines in their SH-states (Fig. 1B) and that cysteine modification by either glutathionylation or alkylation inhibits the specific RNA-binding activity of NAB1 (Fig. 1 B and C) . Peptide mapping analyses of oxidized and reduced protein samples of Wt-NAB1 and a Cys226Ser mutant did not reveal the existence of disulfide linked peptides, challenging the importance of intramolecular disulfide formation for NAB1 redox control (Fig.  S2) . Replacement of both cysteines with serine yielded in a distinct phenotype characterized by a perturbed expression of LHCII proteins thus proving that the cysteines are crucial for NAB1 regulation in vivo (Figs. 2 and 3 ). These findings strongly indicated that NAB1 was arrested in a permanently active repressor state after both cysteines were replaced by serine. Further in vivo analyses, however, demonstrated that the single cysteine mutants NAB1 Cys181Ser and NAB1 Cys226Ser displayed clear different phenotypical characteristics (Figs. 2, 3C , and 5). The phenotypes of NAB1 Cys-181/226Ser double mutants and the NAB1 Cys226Ser single mutants were very similar, which makes it feasible to suggest that modification of Cys-226, if compared with modification of Cys-181, has a larger impact on the activity state of NAB1 in vivo (Figs. 2, 3C , and 5). It should be noted, however, that oxidative treatment of a mutant recombinant NAB1 Cys226Ser protein caused a significant decrease in its in vitro LHCBM6 RNA binding activity. This clearly demonstrates that Cys-181 is indeed involved in the deactivation of NAB1, although the phenotype of the corresponding Cys181Ser mutant cell lines is comparably milder than those of the Cys226Ser mutation. Finally polysome analyses together with mRNA-Coimmunoprecipitation studies (Figs. 4 and 5 ) fully demonstrated that in vivo deactivation of LHCBM6 mRNA sequestration and accordingly translation repression depends on cysteine modification of NAB1. As a final conclusion from the sum of our in vivo results the translation repressor activity of NAB1 is determined by the thiol state of 2 cysteines located in the RRM domain. Oxidized cysteines represent the off state of the repressor, whereas reduced cysteines represent the on state. It has already been shown that RRM containing proteins from plant organisms involved in translational regulation of photosynthetic genes can be activity-regulated via cysteine modification (13) . However, these proteins were shown to be located in the plastid. NAB1 represents a eukaryotic example of a cytosolic RRM protein being subject to cysteine-based redox control. Apart from C. reinhardtii, NAB1 analogous proteins containing a combination of CSD and RRM domains were only identified in the genomes of closely related algal species C. incerta (14) and Volvox carteri (15) . The position of both cysteines is conserved in all 3 genome sequences indicating that the mechanism of redox regulation is conserved at least within the Volvocales taxonomic group of green algae. The cysteine residues of cytosolic proteins are maintained in the reduced thiol state by action of thiol-based redox buffer systems (glutathione/glutaredoxins; thioredoxins/ thioredoxin reductase). The total concentration of glutathione and the ratio of reduced to oxidized glutathione defines the cytosolic redox-state and undergoes considerable changes in response to a variety of environmental stresses (16) . Disulfide bridge formation in proteins frequently tracks the oxidation state of the glutathione redox buffer (16) . NAB1 forms mixed disulfides with glutathione under in vitro conditions, which in turn reduces its RNA-binding activity ( Fig. 1 B and C) . However, future experiments have to clarify whether glutahionylation of NAB1 occurs in vivo.
NAB1 fine-tunes the translation efficiency of plastid-targeted LHCII proteins and therefore the capacity of light-harvesting and rates of photosynthesis in the chloroplast of C. reinhardtii cells. Under conditions where the size and composition of the LHCII complex is not properly adjusted to the prevailing external situation, the increased/decreased need for LHCII protein synthesis has to be sensed by the translation repressor NAB1 through changes in the cytosolic redox-state.
Currently the knowledge of the interplay between the plastidic redox-state, which is to a large extent determined by photosynthetic electron transport activity, and the cytosolic redox-state is limited (17) . Accordingly we currently cannot depict the complete retrograde signaling pathway of NAB1 redox-regulation. However, the finding that NAB1 is regulated via reversible thiol modification, and thus the cytosolic redox environment provides important insights into the mechanisms of redox-controlled translation regulation in the cytosol of photosynthetic organisms. Redox regulation of photosynthetic gene translation in the cytosol of plant cells was reported before (18, 19) , but the molecular basis and the involvement of transcript-specific RNAbinding proteins remained to be elucidated. Because the active form of NAB1 contains cysteines in the reduced thiol state, NAB1 activation is linked to reducing conditions in the cytosol, whereas its deactivation is accompanied by shifts toward the more oxidized state. Under normal, stress-free conditions the cytosol of eukaryotic cells is in a highly reduced redox state (16) . A key factor, required to maintain this reduced environment, is NADPH. Major sources of NADPH supply in the cytosol of plant organisms are the glucose consuming oxidative pentose phosphate cycle (17) and NAD(P)H exporting shuttle systems in the chloroplast envelope membrane (17, 20, 21) , which are reliant on photosynthetic activity in the plastid. In our current working model, physiological conditions characterized by a sufficient provision of these photosynthates are connected to an active state of NAB1 and hence effective translation repression of LHCII transcripts. Within this model, a reduced photosynthetic performance caused by limited light supply in combination with a small antenna system oxidizes the cytosolic redox system. This in turn deactivates NAB1, thereby stimulating LHCII protein synthesis and facilitating an increase of the photosynthetic performance. For green alga, nuclear transcription activity of LHCII genes was shown to be regulated by a retrograde redox-signaling pathway emanating from the plastidic plastoquinon pool (3) . With the identification of NAB1 (4) and with our recent findings, an additional mode of redox-regulated LHCII gene expression control was discovered that involves translation repression in the cytosol. Future studies targeted on the correlation between photosynthetic activity and the redox state of NAB1 could make important contributions to the understanding of retrograde signaling pathways in the context of photoacclimation processes.
Methods
Strains and Culture Conditions. Liquid cultures of C. reinhardtii were either cultivated mixotrophically in TAP or phototrophically in HSM medium using low-light conditions of 40 mol m Ϫ2 s Ϫ1 continuous white-light. Cultures growing in HSM medium were bubbled with 2% CO2. For details, see SI Materials and Methods.
Site-Specific Mutagenesis of NAB1 and Transformation. Plasmid pGDNG1 was constructed by inserting the Wt NAB1 gene into the NdeI and EcoRI cloning sites of plasmid pGenD (13) . The plasmids pGDNG1/Cys(181/226Ser), pGDNG1/ Cys(181Ser), and pGDNG1/Cys(226Ser) were generated by site-specific replacement of thymine by adenine at positions 541 and 676 of the NAB1 gene in plasmid pGDNG1 (QuikChange Site-Directed Mutagenesis Kit; Stratagene. For primer details, see Table S1 ). These vectors were used to cotransform the NAB1-deficient cell line Stm3-HA-LHCBM6 (see SI Materials and Methods).
Coimmunoprecipitation (Co-IP) of NAB1 Targets. Co-IPs were performed with liquid TAP cultures of control strain, strain NSM1, and strain NSM2 before and after a 2-h treatment with 2 mM diamide. RT-Q-PCR was applied to quantify the amounts of coprecipitated LHCBM6 and ß-ACTIN mRNA. ß-ACTIN served as a reference gene. For a detailed description of the procedure, see SI Materials and Methods.
Overexpression of Recombinant NAB1. Recombinant NAB1 was purified under native conditions according to the QIAexpressionist manual (Qiagen). Reducing conditions during the purification process were maintained by addition of 5 mM ␤-mercaptoethanol to binding and wash buffer. Purified protein samples were supplemented with 10 mM DTT directly after elution.
NAB1-RNA-Binding Studies. Recombinant NAB1 was subjected to oxidative treatment with 5 mM GSSG, alkylated with a 50-fold excess of NEM (Nethylmaleimide) or a 5-fold excess of 4-vinylpyridine in respect to the sulfhydryls to blocked. Protein samples were then subjected to RNA-binding studies applying RNA probes derived from the C. reinhardtii LHCBM6 and psbD genes. The probe derived from the gene LHCBM6 was radioactively labeled, whereas the psbD probe was unlabeled and served as a competitor. For details, see SI Materials and Methods.
Subpolysome and Polysome Complex Fractionation. Polysomes were fractionated as described before (5) and RNA was extracted from all 18 sucrose gradient fractions and analyzed in an agarose-formaldehyde denaturing gel. The RNA was slot-blotted on a positively charged nylon membrane (Hybond N ϩ , Amersham) and hybridized with a digoxigenin-labeled LHCBM6-or ß-ACTIN-specific DNA probe. Signal intensity was quantified by densitometry and the LHCBM6 signal of each fraction was normalized to the corresponding ß-ACTIN signal. For experimental details, see SI Materials and Methods.
Gel Electrophoresis and Immunoblotting. Proteins were separated by Tristricine or Tris-glycine-SDS/PAGE and detected by immunoblotting using enhanced chemiluminescence (ECL, Amersham). The NAB1-specific antiserum was obtained as already described (5) and anti-LHCII was provided by S. Jansson (Umeå, Sweden). HA-tagged proteins were detected with a HAspecific antibody (Roche Applied Science). NAB1-glutathione adducts were detected with a mouse monoclonal antibody directed against glutathione (101-A-250, Virogen). For a description of the procedure used for the detection of glutathionylated cysteines in recombinant NAB1 and the mPEG-MAL labeling procedure, see SI Materials and Methods. (1, 2) . For photoautotrophic growth liquid cultures were bubbled with 2% CO 2 . Select Agar (1.5%) (Gibco BRL) was added to prepare solid plates, and 10 g/mL hygromycine B was added for screening of transformants carrying the plasmid pHyg3 (3) . The increase in cell density was monitored by absorbance readings at 750 nm using a spectrophotometer (Shimadzu UV 1202). Linearity between absorbance readings and cell numbers was verified by cell counts using a hemocytometer (Neubauer Improved). All glass bead transformations (4) for the generation of the cysteine mutants were carried out as cotransformations using the plasmid pHyg3 for selection on hygromycine B (3). Hygromycine B-resistant transformants were subjected to immunoblot screenings using a NAB1-specific antiserum to obtain transformants with a stable NAB1 protein expression.
Chlorophyll Measurements. Chlorophyll molecules were extracted from cell culture samples by addition of 4 volumes acetone in the dark and insoluble matter removed by centrifugation at 16,100 ϫ g for 1 min. The absorbance at 645 and 663 nm was recorded with a spectrophotometer (Shimadzu UV 1202) and the Chl a and Chl b content calculated according to Arnon (5) .
Coimmunoprecipitation (Co-IP) of NAB1 Targets. Liquid cultures of control strain, NSM1 and NSM2 were grown in TAP medium under continuous white light (40 mol m Ϫ2 s Ϫ1 ) until the late exponential phase was reached. Samples representing t 0 (before diamide addition) were taken and cysteine oxidation was induced by adding 2 mM diamide to each culture, which was followed by an incubation for 2 h at room temperature under constant orbital shaking (110 rpm) and 40 mol m Ϫ2 s Ϫ1 white light illumination. The coimmunoprecipitation (Co-IP) of NAB1-mRNA complexes was carried out according to Tenenbaum et al. except for slight modifications (6) . First the IgG antibodies from a NAB1-specific antiserum (raised against recombinant NAB1 protein in rabbits) were coupled to Protein A-Sepharose [Seize Classic (A), Pierce] by incubation of 50 L of settled Protein A beads per Co-IP with 690 L of NT2 buffer [50 mM Tris⅐HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl 2 , 0.05% (wt/vol) Nonidet P-40, 5% (wt/vol) BSA] and 230 L of NAB1-specific antiserum for 16 h under slow rotation in the cold room. For each Co-IP 1.25 ϫ 10 8 cells were harvested by centrifugation for 2 min at 800 ϫ g and the resulting pellet was washed in 1 mL of ice-cold TBS (50 mM Tris⅐HCl, pH 7.4, and 150 mM NaCl). The washed pellet was resuspended in 100 L of polysome lysis buffer [10 mM Hepes-KOH, pH 7.0, 100 mM KCl, 5 mM MgCl 2 , 0.5% (wt/vol) Nonidet P-40, 1 mM DTT, 0.25% (vol/vol) RNasin (Promega), 2 mM vanadyl ribonucleoside complexes, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.8% (vol/vol) protease inhibitor mixture (Sigma-Aldrich, P9599)] and frozen in liquid nitrogen. The frozen pellet was then thawed on ice and the lysate cleared by 2 successive centrifugations for 10 min at 14,000 ϫ g and 4°C. One hundred microliters of the cleared lysate were added to 850 L of NT2 buffer containing 100 units RNasin Plus (Promega), 1.2 mM DTT, 22 mM Na 2 EDTA, and 0.55 mg/mL heparin. This solution was mixed with 50 L of antibody-coated Sepharose beads equilibrated in NT2 buffer. After an incubation for 2 h at room temperature and constant rotation the beads were washed 5 times in 1 mL of ice-cold NT2 buffer and subsequently resuspended in 100 L of NT2 buffer supplemented with 0.1% (wt/vol) SDS and 30 g of proteinase K. Proteinase K digestion was allowed to proceed for 30 min at 55°C and beads were removed by centrifugation. The supernatant was extracted twice with an equal volume of phenolchloroform-isoamylalcohol and the resulting aqueous phase supplemented with 1/10 volume of 3M NaOAc and 1 L of glycogen (Fermentas) per ml of aqueous phase. RNA was precipitated with an equal volume of isopropanol at Ϫ20°C overnight. The pellet was washed with 70% ethanol, dissolved in 20 L of RNase-free water, and finally diluted 1:10 before RT-Q-PCR analysis. Real-time RT-PCR was carried out using the SensiMix One-Step kit (Quantace) in conjunction with the DNA Engine Opticon system (Bio-Rad). LHCBM6 mRNA was amplified by use of the oligonucleotides LHCBM6QPCRfw/rev and for ␤-ACTIN amplification the primer pair ACTINQPCR was used (For sequence details see, Table S1 ). For each sample the cycle threshold (C T ) values for ␤-ACTIN and LHCBM6 were used to calculate the relative amount of LHCBM6 (rA) according to the equation rA ϭ E -[Ct(LHCBM6)-Ct(␤-ACTIN)] with E representing the PCR efficiency according to Rasmussen (7).
NAB1-RNA-Binding Studies. For the modification of recombinant NAB1 with oxidized glutathione (GSSG) the reduced protein in elution buffer (50 mM NaH 2 PO 4 , pH 8, 250 mM imidazole, 300 mM NaCl) containing 10 mM DTT was passed through a desalting spin column (Zeba Spin Desalting Column, Pierce) to remove the reducing agent. The desalted sample was immediately treated with 5 mM GSSG for 30 min at room temperature. Alkylation of cysteines with N-ethylmaleimide (NEM) was performed after removal of DTT from the reduced protein in elution buffer and addition of 300 mM NaH 2 PO 4 , pH 6.8, before the incubation with a 50-fold excess of NEM to the sulfhydryl groups to be blocked. After incubation for 2 h at room temperature excess NEM was removed by dialysis against elution buffer. For the 4-vinylpyridine treatment reduced recombinant NAB1 was desalted to remove DTT and immediately incubated with a 5-fold excess of 4-vinylpyridine for 2 h at room temperature. Excess 4-vinylpyridine was removed by dialysis against elution buffer.
For in vitro transcription 50 nM PCR products containing the LHCBM6-CSDCS (primers LHCBM6-T7-CSD/LHCBM6-CSD) or a psbD (primers psbD-T7/psbD, see Table S1 for sequences) sequence were used as templates and transcribed by T7-RNA polymerase (Promega) according to the manufactures instructions. Radioactive labeling of RNA probes was achieved by addition of 30 M UTP and 60 Ci ␣[
32 P]-UTP (3 M). For the psbD probe used as a competitor RNA in vitro transcription was performed in the presence of 500 M UTP and 60 nCi ␣[
32 P]-UTP (3 nM). In vitro transcription was performed at 37°C for 2 h and the DNA template was removed from the RNA probe by DNaseI digestion followed by phenol/chloroform extraction. For UV-cross linking of RNA-protein complexes, 50 fmol of labeled RNA and 6 g of protein were incubated for 5 min at room temperature in binding buffer (8) without reducing agents and subsequently irradiated for 1 min with UV light (254 nm; 1 J/cm 2 ) on ice. Competition experiments were carried out by using a 5-fold molar excess of psbD-derived RNA in respect to the labeled LHCBM6-CSDCS probe. To remove RNA that was not cross-linked to NAB1, 10 units RNase One (Promega) were added and the reaction mixture was incubated for 15 min at 
